Purpose: The study sought to evaluate the potential of diffusion-weighted magnetic resonance imaging to detect changes in liver diffusion in benign and malignant distal bile duct obstruction and to investigate the effect of the choice of b-values on apparent diffusion coefficient (ADC). Methods: Diffusion-weighted imaging was acquired with b-values of 200, 600, 800, and 1000 s/mm 2 . ADC values were obtained in 4 segments of the liver. The mean ADC values of 16 patients with malignant distal bile duct obstruction, 14 patients with benign distal bile duct obstruction, and a control group of 16 healthy patients were compared. Results: Mean ADC values for 4 liver segments were lower in the malignant obstruction group than in the benign obstruction and control groups using b ¼ 200 s/mm 2 (P < .05). Mean ADC values of the left lobe medial and lateral segments were lower in the malignant obstruction group than in the benign obstructive and control groups using b ¼ 600 s/mm 2 (P < .05). Mean ADC values of the right lobe posterior segment were lower in the malignant and benign obstruction groups than in the control group using b ¼ 1000 s/mm 2 (P < .05). Using b ¼ 800 s/mm 2 , ADC values of all 4 liver segments in each group were not significantly different (P > .05). There were no correlations between the ADC values of liver segments and liver function tests.
Obstructive jaundice may induce liver and kidney dysfunction, infection, and multiple organ failure [1] . During obstruction, the liver undergoes functional and biochemical changes [2, 3] . Bile duct obstruction leads to a reduction in bile flow. Elevation of potentially toxic bile acid in the liver and the blood cause rapid hepatocellular injury and over time, inflammation, bile duct proliferation, and fibrosis can occur [4] . Magnetic resonance imaging (MRI) has been used to evaluate the effects of biliary obstruction on the liver parenchyma: Liver segments associated with intrahepatic biliary obstruction show increased signal intensity on T1-weighted imaging, reflecting a probable change in tissue composition [5, 6] . Diffusion-weighted imaging (DWI) is a technique that characterised water molecule diffusion in vivo. In biological tissue, diffusion is quantified by the apparent diffusion coefficient (ADC). However, in vivo, ADC is also affacted by capillary perfusion. Thus, DWI provides information on perfusion and diffusion simultaneously in biological tissue [7, 8] . Currently, DWI is used for liver lesion detection and characterisation in combination with T2weighted and contrast-enhanced MRI [9e11] . DWI is also effective to detect moderate and advanced fibrosis [10e13] .
The purpose of our study was to assess the potential of noninvasive DWI to detect changes in liver diffusion in benign and malignant distal bile duct obstruction, and to investigate the influence of the choice of different b-values.
Materials and methods

Patients
This retrospective study was approved by our institutional review board, and informed consent was waived.
Between May 2011 and March 2012, 92 patients who suspected biliary obstruction underwent magnetic resonance cholangiopancreatography (MRCP), and abdominal MRI, including DWI were enrolled in the study. Patients with cirrhotic liver disease, focal liver lesions, or significant fatty changes in the liver segment (signal drop of >50% on in/on out of phase T1-weighted imaging) were excluded. Patients with intrahepatic and hilar bile duct obstruction or underwent biliary interventional procedures were also excluded. The final study population included 30 patients with distal biliary bile duct obstruction and showed dilatation of the extrahepatic bile duct at MRI. The mean diameter of the common bile duct measured at MRI was 15.7 mm (range 8-25 mm). They were treated surgically or with retrograde cholangiopancreatography in our hospital. Sixteen patients (9 men, 7 women; mean age 64 AE 12 years, range 50-80 years) with malignant distal bile duct obstruction and 14 patients (6 men, 8 women; mean age 66 AE 16 years, range 19-82 years) with benign distal bile duct obstruction were included in our study. The main symptom was jaundice and the mean duration of the symptom was 18 days (range 7-30 days) in patients with malignant bile duct obstruction, whereas the main complaint was abdominal or epigastric pain in patients with benign distal bile duct obstruction and the mean duration of the symptom was 12 days (1-20 days), except 1 patient with distal bile duct stricture who had epigastric pain about 6 months and 2 patients with retained stones following cholecystectomy who had abdominal pain for about 9 months. The control group included 16 patients (3 men, 13 women; mean age 59 AE 18 years, range 19-77 years) whose laboratory, MRCP, and MRI findings for the liver, bile duct, and pancreas were normal. In all 16 malignant lesions, a final diagnosis was made on the basis of histopathological findings after biopsy or surgery; these included pancreatic carcinoma (n ¼ 4), ampullary carcinoma (n ¼ 4), periampullary carcinoma (n ¼ 3), bile duct carcinoma (n ¼ 3), and duodenal carcinoma (n ¼ 2). Of the patients with benign distal obstruction on retrograde cholangiopancreatography, 1 had distal bile duct stricture due to chronic pancreatitis, 13 patients had distal bile duct stones. Of these 13 patients, 5 had retained stones following cholecystectomy.
MRI Protocol
Magnetic resonance imaging was performed with a 1.5-T body system (Avanto; Siemens, Erlangen, Germany) with a 33-mT/m maximum gradient strength. A 12-element phasedarray body coil was used. Axial, coronal turbo-spin echo T2weighted, axial T2 turbo-spin echo with fat saturated, 2D gradient-echo T1-weighted in phase and out phase; and axial, breath-hold 3D gradient-echo T1-weighted with fat saturation sequences before and after the administration of intravenous gadolinium (0.1 mmol/kg bolus) were acquired. Before intravenous contrast material was used, axial abdominal DWIs were performed. We used the same orientation and plane in the routine sequences. A free-breathing single-shot echo-planar-imaging sequence with a chemical shift selective fat-suppression technique was acquired. Sequence parameters were repetition time (TR)/echo time (TE), 4500/88 ms; matrix, 132 Â 192; field of view, 350-400 mm; slice thickness, 5 mm; interslice gap, 20% (1 mm); slice numbers, 24-38; echo train length (EPI factor) 156; and 2 excitations. The acquisition time was approximately 4 min, sensitivity-encoding factor was 2, and parallel acquisition imaging (generalized autocalibrating partially parallel acquisition) with modified sensitivity encoding was applied. The motion-probing gradients were acquired in 3 directions. DWI was performed with b-factors of 200, 600, 800, and 1000 s/mm 2 , and the ADC map was generated automatically with the built-in software of the MRI unit.
Multishot thin slab MRCP was also performed. Thick single-slice turbo spin-echo MRCP images were used as reference images and were obtained in the coronal plane. The imaging parameters of MRCP were TR/TE, 3500/383; flip angle, 140 ; section thickness with no gap, 50 mm; FOV, 38 cm; matrix, 153 Â 256; and acquisition time, 4.5 seconds.
Image Analysis
The postprocessing of DWI datasets was carried out on a Leonardo console (software version 2.0; Siemens), and the ADC maps were reconstructed. A circular regions of interest (ROI) approximately 1-1.5 cm in diameter was placed in 4 segments of the liver (left lobe lateral and medial, and right lobe anterior and posterior segments) to measure ADC values [12] . For ADC values of liver segments, 3 ROIs were placed on each segment and calculated the arithmetic average. We paid attention to exclude vessels and motion artifacts from ROIs. Two examples of our cases are presented in Figures 1 and 2 .
Blood Biochemical Results
Serum total and direct bilirubin levels, alkaline phosphatase, alanine aminotransferase, and aspartate aminotransferase levels were obtained on admission in all patients.
Statistical Analysis
Statistical analysis was conducted using statistical software including SPSS software (version 17.0; SPSS, Chicago, IL, USA). For each continuous variable, Kolmogorov-Smirnov and Shapiro-Wilk tests as well as histograms were used to examine for normality. The groups were compared using a 1-way analysis of variance test for normally distributed data, and the Kruskal-Wallis test was applied for non-normally distributed data. Since the analysis of variance was significant, comparisons were applied using the post hoc and Mann-Whitney U tests. Repeated measure analyses were used to examine ADC and other pre-post measures data. A P value of <.05 was considered statistically significant.
Results
The results of liver function tests on admission are shown in Table 1 . The serum total and direct bilirubin levels, alkaline phosphatase, alanine aminotransferase and aspartate aminotransferase levels were significantly higher in the malignant and benign obstructive groups than those control group (P < .05). The serum total and direct bilirubin levels and alkaline phosphatase level were significantly higher in the malignant obstuctive group than those benign obstructive group (P < .05). The serum alanine aminotransferase and aspartate aminotransferase levels did not differ significantly between the patients with malignant obstructive and benign obstructive group (P > .05). There were no correlations between the ADC values of liver segments and liver function tests.
Results of the ADC value comparison of liver segments in the obstruction and control groups are shown in detail in Table 2 .
The mean ADC values of liver segments in the malignant group were significantly lower than in the benign obstructive and control groups using a b-value of 200 s/mm 2 (P < .05) ( Figure 3 ). However, there were no significant differences in ADC values for the benign obstructive and control groups. The mean ADC values of the left lobe medial and lateral segments were significantly lower in the malignant obstruction group than in the benign obstructive and control groups using a b-value of 600 s/mm 2 (P < .05) (Figure 4 ). There were no significant differences between groups in mean ADC values for the right posterior and anterior segments using a bvalue of 600 s/mm 2 (P > .05). Using a b-value of 800 s/mm 2 , ADC values of all 4 liver segments in each group were not significantly different (P > .05). The ADC values of the right lobe posterior segment were significantly lower in the malignant and benign obstruction groups than in the control group using a b-value of 1000 s/mm 2 (P < .05).
Discussion
Chronic biliary obstruction may result in hepatic fibrosis and secondary biliary cirrhosis [3, 14, 15] . In a study of bile-ligated rats, biliary cirrhosis was occurred in all living animals after 4 weeks [16] . In another experimental study, extrahepatic cholestasis induced intensified bile duct proliferation and fibrosis 4 weeks after surgery [17] . Hammel et al [18] reported secondary biliary cirrhosis as early as 12 weeks after ''diagnosis'' of bile duct obstruction associated with chronic pancreatitis. Early-stage liver fibrosis can be treated in humans [18e20]. MRI or MRCP are able to show dilatation of the bile duct down to the level of the periampullary region in many benign and malignant lesions. However, the differentiation between malignant and benign lesions in the periampullary regions is difficult using MRI or MRCP because of an overlap in imaging features [21, 22] . Park et al [23] reported that benign strictures frequently showed hypervascularity on arterial and portal venous phase images, similar to malignant strictures. Few studies have investigated DWI for the evaluation of cholestasis. Hashimoto et al [5] found that increased signal intensity on T1-weighted images in the ductal dilatation area is due to ductular proliferation, bile pigments within the hepatocytes, and periportal fibrosis with inflammatory cell infiltration histologically. He suggested that cholestasis is main determinant factor for segmental high intensity areas on T1-weighted images patients with intrahepatic ductal dilation. Tam et al's [6] study of 21 patients with malignant bile duct obstruction found that concomitantly high T1-weighted and DWI signals in liver segments was associated with lower ADC values, which might indicate underlying cellular damage. Various studies have shown that ADC values in cirrhotic livers are lower than in normal livers [10e13]. However, the mechanisms of diffusion restriction in cirrhotic livers are incompletely understood. It is most likely due to increased quantity of connective tissue in the liver and decreased blood flow [10, 11] .
Previous studies reported that the choice of b-value affects the calculated ADC [24e27]. High b-values (!500 s/mm 2 ) are sensitive to diffusion and provide small ADC values to prevent perfusion effects in ADC measurements [26, 27] . Soylu et al [24] and Hollingsworth and Lomas [25] conduct that calculating ADC values from the right lobe posterior segment using high b-values (500-750 s/mm 2 ) limited the changes in perfusion and prevented artifacts caused by cardiac and intestinal motions in the left lobe of the liver. Thus, liver fibrosis could be better evaluated. However, Girometti et al [27] provided that calculating ADC values using an intermediate b-value of 400 s/mm 2 as opposed to a higher b-value of 800 s/mm 2 may be an advantage in the evaluation of hepatic fibrosis. There was no clinically significant difference between ADC values of cirrhotic and normal livers at b ¼ 800 s/mm 2 .
In another study, liver fibrosis was measured by using b-values of 200 and 400 have provided better results [28] . We performed the measurement of ADC values in 4 segments of the liver and used multiple b-values. Similarly, in our study, when a b-value of 800 s/mm 2 was used, there were no significant differences between liver segments or groups. However, we did find that ADC values of the right lobe posterior segment were significantly lower in malignant and benign obstruction groups than in the control group using a b-value of 1000 s/mm 2 (P < .05). Previous studies have also reported that when low b-values are used, ADC values are more strongly affected by perfusion [24, 25, 27, 28] . Biliary tract obstruction can result in around a 40% decrease in total hepatic blood flow [29] . Moteki and Horikoshi [30] suggested that proximal hepatic arterial stenosis and/or biliary tract obstruction decreased liver perfusion. Annet et al [31] demonstrated that ADC values decreased in rats with hepatic fibrosis, but not after death. The ADC differences in dead and living rats were related to perfusion effects. Compared to healthy subjects, patients with cirrhosis or fibrosis exhibit substantially reduced hepatic perfusion. In one 2008 study, the restricted diffusion detected in patients with cirrhosis was mainly related to decreased diffusionrelated perfusion [32] . Sandrasegaran et al [33] found that lower b-values (50-400 s/mm 2 ) are more sensitive to the effects of perfusion and may allow better discrimination of hepatic fibrosis stage. In our study, we found that mean ADC values were significantly lower in the malignant obstruction group than in the benign obstruction or control groups using a b-value of 200 s/mm 2 . We also found no significant differences in ADC values of the benign obstruction and control groups. Using a b-value of 600s/mm 2 , the mean ADC values of the left lobe medial and lateral segments were significantly lower in the malignant obstruction group than in the benign obstructive or control group. It is possible that the time of obstruction is a factor affecting liver diffusion and perfusion. Malignant obstruction may take some weeks, whereas bile duct stones can cause jaundice in hours or a few days. In our study, the mean duration of the obstruction in the malignant obstructive group was longer than that of benign obstructive group except 3 patients. The serum alanine aminotransferase and aspartate aminotransferase levels did not differ significantly between the patients with malignant obstructive and benign obstructive group (P > .05). However, the poor correlation between transaminase levels and the degree of liver injury has been reported in a previous study [6] . However, the serum total and direct bilirubin levels and alkaline phosphatase level were significantly higher in the malignant obstructive group than those in the benign obstructive group. These results indicate a marked pressure increase in the bile ducts of the malignant obstructive group. Complete obstruction of the bile duct with a mass may result in a markedly increased cholestasis. Moreover, decreased hepatic blood flow and increased portal pressure due to obstruction may cause hypoxia/ischemic damage liver paranchyma and bile duct. These features may increase cholestasis as reported by previous studies [34, 35] . Matsumoto et al [34] suggested that the reduction in the number of fenestrae in the liver sinusoidal endothelial cells may lead to dysfunction of the liver microcirculation in the common bile ligated rats. Hypoxia/ischemia in the tissue may also directly induce an inflammatory response or promote expression vascular endothelial growth factor, which causes bile duct proliferation [35] .
In present study, using b-values of 200 and 600 s/mm 2 , lower ADC values in livers with malignant obstruction may be explained by a marked depression in hepatic microcirculation, a long period of hepatocyte damage, inflammation. These findings may assist in the differentiation between long-term malignant obstruction and acute benign distal bile duct obstruction. In addition, we did find that ADC values of the right lobe posterior segment were significantly lower in malignant and benign obstruction groups than in the control group using a b-value of 1000 s/mm 2 . These finding may be due to an inflammatory response and bile duct proliferation in liver paranchyma.
Our study had some limitations. First, we did not undertake pathological examinations of the liver. In routine clinical practice, a liver biopsy should not be performed in patients with biliary obstruction. Second, the subject groups were relatively small. Third, biliary stones were the cause of obstruction in patients of benign distal biliary obstruction.
Conclusion
In conclusion, our study showed that DWI can be beneficial for detection of changes in liver diffusion in patients with bile duct obstruction. We showed that the choice of bvalue does affect the calculated ADC. In this study, b-values of 200 and 600 give better results for detection of changes on the liver paranchyma in patients with obstructive jaundice. The measurement of ADC values of liver segments may be useful in the characterisation of distal bile duct obstruction. Further prospective studies involving larger samples, preferably including patients who have undergone liver biopsy and DWI, are needed to evaluate the correlation between ADC values and histological findings.
